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Many mammals use acoustic signals to communicate with conspecifics. Rock hyraxes (Procavia capensis) are
social mammals whose vocal communication is usually restricted to quiet sounds used between nearby
individuals. Loud repetitive warning trills are an exception. In our study site, a third of the adult male hyraxes
also produces a rich, complex and loud vocalization we term 'singing'. In this study, we examine whether
singers, which are more conspicuous by the act of singing, have higher cortisol (i.e. basal stress; C) levels than
non-singers, and whether there is an association between social status and stress hormones in male hyraxes.
We show that 'singing' males are different from the general adult male population in that their C levels are
higher than those of silent males. Only in singers, C levels are associated with social rank, with dominants
showing the highest levels. Singers are also on average older and more dominant than most other sexually
mature non-singing males. Further, they copulate more than non-singers, suggesting that singing males may
have higher reproductive success. Our results support the ‘stress of domination’ hypothesis and indicate that
in the rock hyrax singing may reflect high competitive ability, designating singers as a distinct class of males,
unique in their personal attributes and behavior.

© 2008 Elsevier Inc. All rights reserved.
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Introduction

Several studies have demonstrated a tight link between social rank
and concentrations of stress-related hormones. For example, basal
glucocorticoid levels in free ranging social mammals are usually
higher in dominants than in subordinates (Barrett et al., 2002; Carlson
et al., 2004; Cavigelli et al., 2003; Creel et al., 1997, 1996; Creel, 2005;
Gruenewald et al., 2006; Mooring et al., 2006; Muller and Wrangham
2004b), although there are exceptions (Sapolsky, 1993). This phenom-
enon of high stress hormones in high-ranking individuals is termed
the ‘stress of domination’ hypothesis. During the mating season,
dominant and more aggressive males in many mammals and birds
show higher territorial and sexual behaviors, such as singing, aggres-
sion and courtship display (Creel et al., 1997; Ketterson and Nolan,
1992; Muller and Wrangham, 2004a; Sapolsky, 1982). The act of sin-
ging by itself may therefore be a means to communicate information
on social status and hormonal state (Galeotti et al., 1997).

The significance of vocal communication, especially male vocaliza-
tion, has been addressed in numerous animal systems (Andersson,
1994). Many mammals use acoustic communication that is termed
'calling' (Clutton-Brock andAlbon,1979; Fischer et al., 2004;McElligott
andHayden,1999). Unlike birds,mammals rarely sing as such (i.e. long,
complex vocalizations, typically composed of consistently repeated
syllables; Spector, 1994). Song has only been attributed to a few pri-
mates (Tenaza, 1976), marine mammals (Payne andMcVay, 1971), bats
(Davidson and Wilkinson, 2004) and rodents (Holy and Guo, 2005),

and may be used to communicate with their group members or with
strangers (e.g., McComb et al., 2003; Walcott et al., 2006).

In social mammals, males expand vast amounts of energy in order
to appear attractive and to advertise themselves as successful mates.
Animals that use elaborate displays and thus potentially endanger
themselves, advertise their quality to both male and female con-
specifics (Zahavi,1977). Singing,whichmaybe a formof advertisement
(Zahavi, 1977), can be expensive in terms of time and energy invest-
ment and in terms of increased predation risk (Ryan et al., 1982; Tuttle
and Ryan, 1982). Consequently, the act of singing may also be under
intense selection, and performed only by these individuals that can
bear its consequences (Zahavi, 1977; Kotiaho et al., 1998; Wagner,
2005).

Rock hyraxes are social, live in large, mixed-sex groups, and often
communicate acoustically (Fourie, 1977). Both male and female
hyraxes produce loud repetitive warning trills, whereas it is mostly
adult males, but not all males, that engage in diverse vocalization
(Fourie, 1977; Hoeck et al., 1982; Koren, 2000) we term 'singing' (see
Supplementary material). Like birds, bats and gibbons (Behr et al.,
2006; Hyman, 2003; Tenaza, 1976), hyraxes often engage in counter-
singing with neighboring males (Koren, 2000). Rock hyraxes in our
study site, Ein Gedi, are subjected to predation by leopards, hyenas
and wolves (Koren, 2000).

In this study, we examined three hypotheses: 1. Singers (i.e., voca-
lizing males) have higher cortisol (i.e. basal stress) levels than non-
singers. The act of singing may attract more potential predators to the
singer (e.g. Rasa,1986; Ryan et al.,1982), which in turn elevates its stress
level. 2. Singers are more dominant than non-singers. This hypothesis
predicts that singers have higher competitive abilities than non-singers.
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3. ‘Stress of domination’ hypothesis — there is a relationship between
social status and stress hormones inmale singers.We predict that high-
ranking singers have higher stress hormone levels than low-ranking
singers.

Methods

Study animals

Rock hyraxes (Procavia capensis) have been studied by us in the Ein Gedi Nature
Reserve, west of the Dead Sea in the Judean Desert, Israel (31°28′N, 35°24′E), since 1999
as part of a long-term study. Permits for capturing and handling the hyrax were issued
and reviewed annually by the Israeli Nature and Park Authority. The data presented in
this paper pertaining to male hyrax songs were collected for 6 months annually
(February–August; i.e., a month before parturition until the end of the mating period)
over five consecutive years (2000–2004), under permit numbers: 2000/8871, 2001/
8871, 2002/14674, 2003/14674, 2004/17687.

Hyraxes are mostly diurnal, and at this study site they are relatively habituated to
the presence of humans. They are seasonal breeders with synchronized births
(Mendelssohn, 1965). Mate guarding and manipulation by the territorial male thus
appear to be limited, probably offering subordinates an opportunity to occasionally sire
offspring as well (Emlen and Oring, 1977). Sexual maturity, is reached at about
16 months of age (Mendelssohn, 1965), after which most adolescent males (17–
24 months old) are forced to disperse (Hoeck et al., 1982), joining bachelor groups
(Koren et al., 2006). Mixed-sex groups in Ein Gedi comprise several males (one mature
immigrant and several natal late dispersers), and between ten and twenty females with
their pups. The immigrant 'resident' male may stay with a group for a few years before
being evicted and replaced by another male.

Morphometrics

All males were caught using live box traps, which were placed in natural crevices.
Trapswere set open before first light (approximately 90min before dawn) and operated
until noon, with inspections every 2 h. New males were anesthetized with ketamine
hydrochloride, which sedated the animals to a state that allowed safe handling. Each
male was individually marked using a collar (collar weight 5 g; range of 0.125% to 0.2%
of hyrax body weight). Body length (base of the skull to tip of the tail), head diameter (at
eye level), body girth and weight were taken for each animal as size indicators. After
marking and measuring, hyraxes were returned to the traps for full recovery (3 h),
following which they were released at the capture site. Animals resumed full normal
activity following their release. We combined hyrax body length, head diameter and
body girth into a single morphometric variable using principle component analysis
(PCA). That first component in the PCA explained 90.5% of the variance in our mor-
phometric data (Eigenvalue=2.7).

Age

All births at Ein Gedi are in the spring, with pups first observed in March. The birth
year for all natal males was known since they were captured as pups. Body weight (BW)
was the best predictor of known age in 89 males using linear fit (age was normalized
using the Box–Cox transformation; normalized age=0.971+1.681BW; r2=0.925, F(1,88)=
1092.6, Pb0.0001; Koren, 2006). Using the above equations, we estimated the age of
immigrants and individuals born before our study began in 1999.

Social hierarchy and singing behavior

Behavioral observations were recorded over a five-year period, for a total of 430
observation days and approximately 3000 h (by LK), using 10×42 binoculars and a
telescope with ×50 and ×75 magnifications. Most observations were in the morning
from dawn until noon (approximately 6 h); thereafter hyraxes retreat from the heat,
resuming activity once the canyon is shaded (afternoon session; approximately 2.5 h
long). All agonistic interactions among individuals belonging to 6 social groups were
recorded (all occurrences; Altmann, 1974), and the initiator, recipient and outcome
were specified. Only agonistic interactions that involved display by one individual (i.e.
approaching, biting, pushing or chasing) and resulted in an evasive action being taken
by a second animal (i.e. running away or retreating from position) were considered for
the social hierarchy analysis. A matrix of encounters was prepared for each group using
all pairwise agonistic interactions observed during a given field season. Social hierarchy
was calculated from the interaction data using David's score, which take into account
the wins and losses of the focal individual and its opponents (Gammell et al., 2003;
Excel macros by H. de Vries). In addition, each animal was ranked using the calculated
David's scores. The animal with the highest score was ranked first (i.e. 1), the next was
ranked second (i.e. 2), etc. All scores and ranks were normally distributed.

Singing behavior in our study area gradually starts in February (pre-parturition),
peaks in August (mating period), and ceases abruptly after. Singing males were
observed in the morning sessions, when sound propagation is at its peak (Titze, 2000).
In Ein Gedi, daily strong afternoon winds interfere with sound recordings. Singing is
loud and can be heard up to 500 m away from the singer (LK, unpublished data). Songs
last a few minutes, allowing for the observer to locate and identify singer. The time,

singer and social situation during which it was recorded were noted. We defined males
as singers only if the singer was directly observed and identified.

Hormone levels

We measured the basal levels of the stress hormone cortisol (C) that accumulated
over a period of a fewmonths in the hair of male rock hyraxes. Hormones are deposited
in a growing hair shaft by the blood vessel that feeds it. Hair-testing has the advantage
of being insensitive to the momentary stress of capture (Yang et al., 1998), while
accurately assessing significant and prolonged stressful experiences (Davenport et al.,
2006). Hair samples were cut once a year (April–July; pre-mating period), from the back
leg of trapped hyraxes in the field, without the need for sedation. The extraction
protocol followed the steps in Koren et al. (2002). All samples collected for each year
were analyzed as a single batch. Hair from each individual was tested in duplicates in a
double-blind experimental set-up. The steroid hormone was detected using a
competitive ELISA method (human cortisol saliva kit; DRG International; NJ, USA).
The kit was validated for use with this species by demonstrating parallelism between
serial dilutions of hyrax hair and the standard curves generated with kit calibrators.
Cross reactivity of the cortisol antiserum was 100% for cortisol and 60% with
prednisolone, 29% with corticosterone, 3% with cortisone and less than 1% with any
other naturally occurring steroid hormones. The mean coefficient of variation between
C assays (n=6) was 8.3% and within the same assay (n=6) was 4.6%. Unlike serum or
saliva, hormones from hair need to be extracted by solvents, sonicator, and other
manual steps. Since slight variations in the extraction protocol between sets of samples
may influence the final concentration detected, we compared hormone levels across
areas and years by standardization (z-score) of each ELISA-plate.

Statistical analysis

All comparisons between singers and silent males were carried out using the
parametric t-test (two tailed; unequal variance). C levels were normalized by log (x2)
transformation. Since age was the only variable not normally distributed, we calculated
probabilities for it using permutation tests (StatXact v. 6; Cytel Statistical Software &
Services).

Results

In our study area, only about a quarter of the bachelor males (9 of
35), and all of the resident males (n=10) living in mixed-sex groups
sang. Resident males that had stopped singing disappeared shortly
thereafter (LK, per. obs.). Singers were involved in more than 3 times
the agonistic interactions than silent males (79 and 24 aggressive
interactions, respectively). Further, singers were involved in all but
one of the 25 copulations we observed (total of 13 males). Relative to

Fig. 1. Standardized cortisol as a function of social rank (using David's score) in male
singers. Cortisol levels were non-linearly related to rank (y=1.579/x−1.510; r2=0.788,
F(1,6)=22.4, P=0.003).
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their availability in the population, singers have significantly higher
copulation rate than silent individuals (Fisher exact test; P=0.0043).
Most singers were immigrants while most silent males were natal
males (Fisher exact test; P=0.0764).

We related social status of males with their C levels. Singers,
whether belonging to a bachelors or a mixed-sex group, form a unique
subpopulation within males. Compared with non-singers (r2=0.002,
F(1,8)=0.016, P=0.902), singers' C levels were related to their rank
positions (r2=0.788, F(1,6)=22.4, P=0.003; Fig. 1), so that the highest
ranking males had the highest C levels (i.e., basal stress levels).
Compared to non-singers, singers also had higher average C levels
(t(43)=2.35; P=0.02; Fig. 2a) and were more dominant (i.e. ranked
higher in the hierarchy using David's score) than silentmales (t(9)=2.8;
P=0.02; Fig. 2b). Individuals that sang were significantly older than
males that were silent (t(38)=4.26; P=0.0001; Fig. 2c). Singers were
also, on average, physically bigger than non-singers (i.e. morpho-
metrics component; t(30)=3.9; P=0.0004), but size differences were
due to age (i.e. morphometrics component controlled for age; t(26)=
0.055; P=0.96). Among adult males, age was not correlated with
C levels (r(61)=0.11, P=0.409) nor with social status (r(28)=−0.04,
P=0.838).

Discussion

We found that among males, only in the singer subgroup, C levels
were related with social rank; a trend demonstrated in several coope-
ratively breeding mammals, whereas basal levels are often higher
in dominants than in subordinates (reviewed by Creel, 2001). This
result supports our third hypothesis, the ‘stress of domination’ in
singers. Because of the possible trade-off with the immune system
and the known physiological correlates of prolonged high basal
glucocorticoids levels, social stress may be a cost that offsets the
benefits of high rank (Creel et al., 1996). There are several possible
reasons for the elevated cortisol levels observed in singing hyraxes:

i. Social rank — Singers are more dominant than non-singers, and
dominant individuals tend to fight more often than subordi-
nates (Creel et al., 1996). The resulting high C levels are neces-
sary for the short-termed fight-or-flight survival mechanism to
operate (Creel et al., 1996). In hyraxes, dominance is indeed
achieved via aggressive encounters with other males, which
may elevate stress response (and C) levels. This result supports
our second hypothesis. High-ranking individuals need to agg-
ressively reassert their dominance over new incoming males.
Singing in itself may also constitute a dominance-related beha-
vior, since singers often countersing with others, a behavior
known to signal aggression (Galeotti et al., 1997; Hyman, 2003).
Singing was also often temporally adjacent to fights and chases.
The risk of a fight progressing from a singing bout may be a
realistic threat since singerswere involved inmore than 3 times
the amount of fights than non-singers. Singers were also
injured more than non-singers (only 4 badly injured hyraxes
were observed over the years, all of which were singers; LK,
unpublished data).

ii. Predation risk — Singers, by the actual act of singing, may also
expose themselves to both a higher predation risk (Ryan et al.,
1982) and to rival males (Hyman, 2003), both of which may
raise their C levels. The actual act of singingmay constitute risk-
taking for wild hyraxes in Ein Gedi because many predators
were observed in that site (Koren, 2000). However, large adults,
because of their size, are only killed by leopards or wolves, and
not by raptors (who were observed preying on pups only;
Koren, 2000). Singing in hyraxes is mostly performed from
conspicuous posts (e.g., top of a large boulder), a position,
which in dwarf mongooses (Helogale undulate) subjects sen-
tinels to high predation risk (Rasa, 1986); while in meerkats
(Suricata suricatta) deems sentinels safe (Clutton-Brock et al.,
1999). In our study site, we have observed 71 predation
attempts on hyraxes, mostly by wolves and leopards, yet only
twice were adult males predated on (of 9 predations, one of

Fig. 2. Adult singers and silentmales compared in their average (±SD) standardizedcortisol
levels (a; t(43)=2.35; P=0.02), rank position (b; t(9)=2.8; P=0.02) and age (c; t(38)=4.26;
P=0.0001). Sample size is shown above SD bars. Ranks were determined using David's
score,whereas dominant hyraxes (ranked1stor2nd)were classifiedas0,while submissive
(3rd or lower) were classified as 1. Age is indicated in months.
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which is known to be a singer). The raised singing position that
provides hyraxes with good visibility on any approaching
predator, along with their large body size, likely classifies the
risk of predation while singing as 'low', making the link bet-
ween stress response and predation the least probable. None-
theless, our results indicate that singers have higher C levels
than non-singers, probably due to other factors, which taken as
a whole support our first hypothesis.

iii. Mating success — Reproduction effort has been documented to
relate to variations in stress and glucocorticoid levels (Cavigelli
1999; Mooring et al., 2006; Ostner et al., 2008; Vleugels et al.,
1986). In Ein Gedi the hyrax mating season is short (July–
August), during which male–male competition is fierce and
singing behavior is at its peak. Since nearly all observed copu-
lations were by singers, singers likely had more reproductive
opportunities than non-singers. Mating opportunities may
elevate C levels directly, as well as challenge neighboring
males to aggressively displace a copulating male, thus influen-
cing it as well. This possibility also supports our second hypo-
thesis and prediction.

iv. Social support — Social support has been related to stress levels
(Goymann and Wingfield, 2004). In hyrax, singers were mostly
immigrant males, some of which integrated into mixed-sex
groups, while others joined the bachelor groups. Resident
males in mixed-sex groups were often dominated by older
females (Koren et al., 2006), and bachelor male hyraxes do not
form allies. Therefore, immigrant males probably lack relatives
and social support in the study area, a situation known to
increase stress levels (Abbott et al., 2003).

In this study we show that in the rock hyrax society, males
constitute two behaviorally distinct groups: singers and non-singers.
These two groups are markedly different in respect to stress and rank.
Cortisol is scaled by rank only in the group of singers; it is in-
dependent of rank in silent males. The above results suggest that the
association between rank and stress may not only be an overall
population or group trend, but may also be restricted to a
subpopulation unified by a common denominator (e.g., singer). In
spotted hyenas (Crocuta crocuta), males are divided into two distinct
subpopulations that differ in their dominance and sexual behaviors as
well as their circulating hormone levels. In that system, the
subpopulations stem from group origin (i.e. natal vs. immigrant
males) and show different behavior-hormonal interactions (Hole-
kamp and Smale, 1998). In hyraxes, despite the fact that all resident
males are immigrants, a minority of bachelors, some of which are
males natal to the study area, sing as well. Being a low-ranking singer
(e.g., bachelor) may reflect an alternative strategy to the high-ranking
male singers, combining some mating success with low social stress.
Since our study is correlative, we also cannot rule out the effects of
individual, group, or behavior on stress levels and on endocrine
relationships, nor can we assess the hormonal influences on singing
behavior itself.

The large variances in singer and non-singer attributes show
that age, size and social ranks are not prerequisites to singing. Despite
that, we found that singers are, on average, older, larger, and more
dominant than male hyraxes that do not sing. Singers have higher
C levels, which represent, using our long-term measuring tools (i.e.
hair-testing) a chronic high baseline, a state which can provoke
detrimental pathologies (Sapolsky, 2005). High social stress in
dominant singing hyraxes can be due to rank instabilities during
the breeding period, where a flow of new males immigrate to areas
that contain mixed-sex social groups. The coupling of the potential
advertising behavior (i.e. singing) with the observed elevated
reproductive opportunities and the known costs of the related chronic
high glucocorticoids levels may be all of the elements that an honest
quality-signaling system requires to stably exist.
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